Podocytes are specialized, highly differentiated epithelial cells in the kidney glomerulus that are exposed to glomerular capillary pressure and possible increases in mechanical load. The proteins sensing mechanical forces in podocytes are unconfirmed, but the classic transient receptor potential channel 6 (TRPC6) interacting with the MEC-2 homolog podocin may form a mechanosensitive ion channel complex in podocytes. Here, we observed that podocytes respond to mechanical stimulation with increased intracellular calcium concentrations and increased inward cation currents. However, TRPC6-deficient podocytes responded in a manner similar to that of control podocytes, and mechanically induced currents were unaffected by genetic inactivation of TRPC1/3/6 or administration of the broad-range TRPC blocker SKF-96365. Instead, mechanically induced currents were significantly decreased by the specific P2X purinoceptor 4 (P2X 4 ) blocker 5-BDBD. Moreover, mechanical P2X 4 channel activation depended on cholesterol and podocin and was inhibited by stabilization of the actin cytoskeleton. Because P2X 4 channels are not intrinsically mechanosensitive, we investigated whether podocytes release ATP upon mechanical stimulation using a fluorometric approach. Indeed, mechanically induced ATP release from podocytes was observed. Furthermore, 5-BDBD attenuated mechanically induced reorganization of the actin cytoskeleton. Altogether, our findings reveal a TRPC channel-independent role of P2X 4 channels as mechanotransducers in podocytes.
Podocytes are unique visceral epithelial cells lining the inner part of the Bowman capsule, where they are important regulators of the kidney filtration barrier. Podocytes contain a cell body and so-called foot processes, which allow for protein-protein interactions with adjacent interdigitated foot processes, thereby forming the slit membrane. 1,2 Slitmembrane proteins, such as nephrin or Neph1-3, as well as slit-membrane-associated proteins, such as podocin, synaptopodin, CD2-associated protein (CD2AP), and the transient receptor potential channel 6 (TRPC6), are tightly regulated to ensure proper function of the podocyte filtration barrier.
Hypertension and the resulting increase in glomerular pressure are believed to result in podocyte damage, leading to proteinuria. 3 Glomerular hypertension-provoked hypertrophy, foot process effacement, and detachment of podocytes are well characterized in animal models. [4] [5] [6] There is also evidence for a damaging effect of hypertension in humans. 7 Until now, it has been completely unknown how podocytes sense the changes in glomerular pressure. It was postulated that TRPC6 channels involved in the pathogenesis of familial FSGS 8, 9 may serve as mechanosensors in podocytes. 2, 10, 11 However, at least in overexpression systems, TRPC6 itself was not inherently mechanosensitive. [12] [13] [14] TRPC6 was shown to be expressed at the slit membrane, 8, 9 where it interacts with the podocyte-specific protein podocin. 10 Because the podocin homolog MEC-2 is part of a mechanosensitive multiprotein ion channel complex in Caenorhabditis elegans, it was suggested that TRPC6 in complex with other slit-membrane proteins (including podocin) could form a mechanosensitive ion channel complex. 2 Of note, in our previous studies, G q/11 -proteincoupled receptors (G q/11 PCRs) and not TRPC6 channels shaped up as mechanosensors in vascular smooth muscle cells 13, 15 contributing to myogenic vasoconstriction. There is still growing evidence for an inherent mechanosensitivity of G-protein-coupled receptors (GPCRs) in other tissues and organs (summarized by Storch et al. 16 ). Furthermore, many other proteins, including structural proteins and various ion channels, have been discussed as potential mechanosensors. 17 Because the mechanosensory and -transducing elements in podocytes are still largely elusive, we sought to analyze the role of TRPC6 and GPCRs as potential mechanosensors in podocytes and at uncovering novel candidates for mechanosensors or -transducers in podocytes. Deeper insight into the mechanisms leading to mechanically induced podocyte damage may be instrumental in devising targeted treatments for podocyte injuries, as seen in hypertensive nephropathy. 18 
RESULTS

Mechanical Membrane Stretch Induces Inwardly Rectifying Currents and Intracellular Calcium Increases in Podocytes
To analyze the mechanosensory and -transduction properties of podocytes, we used isolated murine podocytes, which express several podocyte-specific proteins, such as nephrin and podocin (Supplemental Figure 1) . Quantitative RT-PCR was used to determine the expression of the podocyte markers nephrin, podocin, Neph1-3, synaptopodin, and CD2AP (Figure 1A) and of all TRPC channels exception TRPC7 ( Figure  1B ). Next, fluorometric calcium measurements with fura-2-loaded podocytes were performed. As a mechanical stimulus, cell swelling with hypoosmotic bath solution was deployed, resulting in transient calcium increases (Figure 1 , C and D). Whole-cell measurements showed that podocytes responded to cell swelling with hypoosmotic bath solution with significantly increased inwardly rectifying cation currents ( Figure 1 , E and F); this finding indicates that podocytes are mechanosensitive.
Because hypotonic cell swelling might trigger additional unspecific effects apart from exerting membrane stretch by increasing the cell volume, we next applied a positive pipette pressure of 30 cmH 2 O; this led to transient cation current increases with a similar current density voltage relationship, as observed upon hypoosmotic cell swelling ( Figure 1, G and H) . Similar results were obtained by analyzing conditionally immortalized murine podocytes 19 that responded to hypoosmotic cell swelling and positive pipette pressure in a similar manner (Supplemental Figure 2, A-D) .
Because it is hypothesized that in podocytes TRPC6 in complex with slit-membrane proteins (SMPs) is mechanosensitive, we analyzed isolated podocytes from TRPC6 genedeficient (Trpc6 2/2 ) mice. 20 Interestingly, Trpc6 2/2 podocytes showed similar inwardly rectifying currents as observed in control podocytes (Figure 1 , I-K), suggesting that TRPC6 is not essential for mechanosensation or -transduction. Moreover, the reconstitution of a potentially mechanosensitive ion channel complex by coexpressing TRPC6 together with the SMPs podocin, CD2AP, and nephrin in human embryonic kidney 293 (HEK293) cells was unsuccessful because TRPC6 current did not increase upon mechanical stimulation (Supplemental Figure 2 , E and F), while subsequent stimulation with the TRPC6 activator oleoyl-2-acetyl-glycerol, a membrane-permeable diacylglycerol analogue, augmented TRPC6 currents. Taken together, these data argue against TRPC6 as a mechanosensor in podocytes. To rule out the involvement of other TRPC channels, C57BL/6 podocytes were incubated with the broad-range TRPC channel blocker SKF-96365 (10 mM), which had no effect on mechanically induced cation current increases (Supplemental Figure 2 , G and H). Moreover, podocytes isolated from TRPC1/3/6 triple gene-deficient (Trpc1/3/6 2/2 ) mice were analyzed in the presence and absence of 10 mM SKF-96365. Mechanical stimulation caused similar cation currents as monitored in control podocytes ( Figure 1 , L-N), indicating that TRPC channels are not essentially involved in mechanosensation or mechanotransduction in podocytes.
G q/11 -PCRs Are Not Mechanosensors in Podocytes
In cardiac and vascular smooth muscle, G q/11 PCRs and particularly angiotensin II (AT 1 ) receptors (AT 1 Rs) were identified as direct mechanosensors. 13, 15, 21 Moreover, there is evidence that overexpression of AT 1 Rs causes proteinuria, 22 and AT 1 R antagonists and angiotensin-converting enzyme inhibitors are protective for podocytes and can improve proteinuria. 23, 24 Therefore, we analyzed the role of G q/11 PCRs as potential mechanosensors in podocytes. Performing quantitative RT-PCR, we documented the expression of several G q/11 PCRs known to play a role in the kidney, including endothelin type A and type B, AT 1A , AT 1B , and AT 2 and vasopressin (V) 1A , V 1B , and V 2 receptors (Figure 2A) . Inhibition of all G q/11 proteins by the selective G q/11 protein inhibitor YM-254890, preventing the exchange of guanosine diphosphate for guanosine triphosphate during Ga q/11 activation, 25 did not suppress mechanically induced currents ( Figure 2 , B and C) or 
ATP Application and Mechanical Membrane Stretch Cause Similar Purinergic Currents in Podocytes
Interestingly, mechanically induced cation currents in podocytes share properties with purinergic (P 2 X) channels, such as nonselectivity and inward rectification. 26, 27 Performing quantitative RT-PCR, we observed expression of all seven P 2 X channel subunits (P 2 X 1 -P 2 X 7 ) in podocytes. P 2 X 2 and P 2 X 4 showed highest mRNA expression levels, which were 15-to 17-fold higher compared with P 2 X 5 , exhibiting the third highest mRNA expression level ( Figure 3A) . Expression of the G q/11 -coupled P 2 Y 1 receptor was also detected. Surprisingly, 100 mM ATP gave rise to inward currents with marked inward rectification ( Figure 3 , B and C), similar to mechanically induced currents. Further, ATP application provoked transient calcium increases in fura-2-loaded podocytes ( Figure 3 , D and E).
ATP-induced currents slowly inactivated in the presence of ATP ( Figure 3 , B and D) with an inactivation constant of t=40.867.2 seconds calculated at a holding potential of 2100 mV. Homomeric P 2 X channels consisting of three P 2 X subunits can be distinguished by their current inactivation time within milliseconds (P 2 X 1 and P 2 X 3 ), within several seconds (P 2 X 2 and P 2 X 4 ), and by little and no inactivation (P 2 X 5 and P 2 X 7 , respectively). 27 Therefore, our estimated inactivation constant in podocytes points to P 2 X 2 and P 2 X 4 channels. To test whether mechanical stimulation as well as ATP activates P 2 X channels, we first applied 50 mM suramin blocking P 2 X 1 , P 2 X 2 , P 2 X 3 P 2 X 5 , and P 2 X 6 channels. 28 Suramin did not significantly reduce mechanically induced currents in podocytes (Figure 3 , F and G). Furthermore, suramin did not suppress subsequent hypoosmotically induced calcium transients in fura-2-loaded podocytes ( Figure 3 , H and I) compared with untreated cells; this finding indicates that P 2 X 4 or P 2 X 7 channels might be involved. Of note, the first hypoosmotic stimulus served as a control, illustrating the comparability of the cells. In light of the slow inactivation kinetics characteristic of P 2 X 2 and P 2 X 4 channels and the lack of any suramin effect, these findings suggest that the currents evoked by mechanical stimulation are mainly mediated by P 2 X 4 channels. Moreover, 50 mM suramin uncouples G proteins from receptors, 29 additionally indicating that GPCRs including P 2 Y receptors are not involved in mechanical responses of podocytes. ] i before (gray bars) and during application of hypoosmotic solution in the presence (blue hatched bar) and absence (blue bars) of suramin. Numbers indicate the numbers of measured cells and of independent experiments. Nonsignificant differences (ns) are indicated. *P,0.05; **P,0.01; ***P,0.001; ns P.0.05.
Mechanotransduction in Podocytes P 2 X 4 Channels in Podocytes Are Activated upon Mechanical Stimulation To ascertain mechanically induced P 2 X 4 channel activation in podocytes, we applied the nonselective P 2 X channel blocker trinitrophenyl (TNP)-ATP (75 mM) affecting all homomeric P 2 X channels except P 2 X 7 27 ( Figure 4 , A and B) and the selective P 2 X 4 blocker 5-BDBD 30 (10 mM) ( Figure 4 , C and D). Both blockers significantly reduced mechanically induced currents, indicating that P 2 X 4 is crucially involved in the mechanical response of podocytes. This notion was further supported by analyzing conditionally immortalized podocytes, which likewise showed significantly suppressed currents in the presence of 10 mM 5-BDBD (Supplemental Figure 3 , A and B). However, mechanically induced currents and intracellular calcium increases (Supplemental Figure 3 , C and D) were not fully suppressed, which may be caused by the specific assembly of endogenous heteromeric P 2 X channels with distinct properties.
To verify the prominent role of P 2 X 4 channels, the selective P 2 X 4 potentiator ivermectin was applied to fura-2-loaded podocytes. In the presence of 50 mM ivermectin mechanically induced calcium transients were significantly higher compared with the respective initial calcium response ( Figure 4 , E and F), whereas in the absence of ivermectin the second calcium response was always smaller (Figure 3 , H [upper panel] and I). Altogether, these pharmacologic interventions identified P 2 X 4 as a key component of the mechanotransduction process in podocytes. As a crucial proof-of-principle, isolated podocytes from P 2 X 4 gene-deficient (P 2 X 4 2/2 ) mice 31 were investigated. Indeed, P 2 X 4 2/2 podocytes were devoid of mechanically induced current increases ( Figure 4G similar to that seen in P 2 X 4 +/+ control cells; this finding points to slow inactivating P 2 X 2 currents activated by ATP in P 2 X 4 2/2 podocytes. Altogether, these findings provide strong evidence for an essential involvement of P 2 X 4 channels in the mechanical responsiveness of podocytes.
Mechanical Stimulation of Podocytes Causes ATP Release Leading to Subsequent P 2 X 4 Channel Activation To analyze whether P 2 X 4 channels in podocytes are mechanosensors or mechanotransducers, we performed whole-cell measurements with HEK293 cells overexpressing P 2 X 2 , P 2 X 4 , or both channel subunits together. Hypoosmotic cell swelling did not activate P 2 X channels (Supplemental Figure  4 , A-C) in cells overexpressing P 2 X 4 , P 2 X 2 , or combinations thereof in the presence or absence of the SMPs podocin, CD2AP, and nephrin ( Figure 5 , A and B, and Supplemental Figure 4 , D and E), suggesting that P 2 X channels are not inherently mechanosensitive. The involvement of the actin cytoskeleton in mechanosensation of podocytes was analyzed by incubation of podocytes with 5 mM cytochalasin D for 20 minutes at 37°C to disrupt actin fibers. This measure had no effect on hypoosmotically induced current responses in podocytes ( Figure 5 , C and D), indicating that the actin cytoskeleton per se is not crucial for mechanical activation in podocytes. Next, 8 nM jasplakinolide 32 was administered for 20 minutes at 37°C to induce actin polymerization, resulting in significant reduction of mechanically induced currents ( Figure 5, E and F) . This finding suggests that stabilization of the actin cytoskeleton might prevent ATP release. This is in congruence with previous findings in PC12 cells showing impaired vesicle release by jasplakinolide. 33, 34 Of note, 200 nM jasplakinolide, a frequently used concentration in other cells, did not significantly suppress mechanically induced currents (Supplemental Figure 5, A and B) , indicating that this concentration results in disruption rather than stabilization of the actin cytoskeleton, as seen in other cells. 35, 36 Moreover, applying 10 mM thiocolchicine for 2 hours at 37°C to prevent microtubule assembly did not affect mechanically induced current increases (Supplemental Figure 5 , C and D). Altogether, these findings are compatible with the notion that mechanically induced release of prestored ATP-filled vesicles is impaired by actin cytoskeleton stabilization, but not by microtubule disassembly or actin cytoskeleton disruption.
To analyze whether P 2 X channels are indeed activated by ATP released from podocytes upon mechanical stimulation, podocytes were treated with the ATP-converting enzyme apyrase, which rapidly converts ATP to AMP. Preincubation for 30 minutes at 37°C and addition of apyrase to all bath solutions completely abolished mechanically induced current increases ( Figure 5 , G and H). To measure ATP release from podocytes, we performed fluorescence photometry. Perfusion of cells with hypoosmotic bath solution ( Figure 5I ) and subsequent application of increasing ATP concentrations ( Figure 5J ) used for calibration purposes resulted in fluorescence increases at 450 nm, corresponding to 4196133 nM ATP (n=9). To further analyze the mechanism of ATP release in podocytes, we applied N-ethylmaleimide, an unspecific SNARE protein blocker that disables vesicular fusion, because podocytes express SNARE proteins. 37 Incubation of podocytes with 2 mM N-ethylmaleimide for 2 minutes was sufficient to completely prevent hypoosmotically induced current increases ( Figure 5 , K and L), compatible with the notion that podocytes release ATP upon mechanical stimulation via fusion of ATP-loaded vesicles to the plasma membrane. Altogether, these findings strongly point to mechanically induced ATP release in podocytes.
Mechanically Induced P 2 X 4 Channel Activation Is Podocin and Cholesterol Dependent and Is Crucial for Reorganization of the Actin Cytoskeleton Exocytosis is inhibited by depletion of cholesterol 38 distributed in lipid rafts in the podocyte cell membrane 39 and is thought to play a role in the pathomechanism of podocyte injuries. 40 To analyze whether cholesterol is involved in mechanically induced P 2 X 4 activation, cells were preincubated with fluvastatin 2/2 and of P 2 X 4 +/+ control (10 mM) 41 for 24 hours at 37°C to prevent cholesterol production and with the cholesterol-binding agent methylb-cyclodextrin (10 mM) for 10 minutes at 37°C. Interestingly, ATP-induced currents in cholesterol-depleted podocytes were still observed in fluvastatin and methyl-b-cyclodextrin-treated podocytes, although they were suppressed by a factor of 2.9 and 3.4, respectively ( Figure 6 , A and B, and Supplemental Figure 6 , A and B). However, mechanically induced inward currents were nearly completely suppressed and typical inwardly rectifying P 2 X currents were abolished ( Figure 6 , C and D, and Supplemental Figure 6 , A and B), suggesting that cholesterol is essential for mechanical P 2 X 4 activation. Of note, slight current increases were still seen in methyl-b-cyclodextrin-treated podocytes evoked by membrane stretch, probably reflecting the presence of other cation channels (Supplemental Figure  6 , C and D). Furthermore, podocin is known to bind to cholesterol and to potentiate diacylglycerol induced TRPC6 currents in an ion channel complex. 42 Therefore, we next analyzed the involvement of podocin in mechanical P 2 X 4 activation. To this end, podocin knockdown podocytes isolated from Nphs2 flox/flox , Cre +/+ mice 31, 43 were used and tested for successful in vitro podocin downregulation according to Western blot analysis (Supplemental Figure 7) . Interestingly, mechanically induced currents were completely abolished in podocin knockdown podocytes compared with respective control podocytes (Figure 6 , E-G), whereas ATP-induced currents were unchanged (Supplemental Figure 8) . Altogether, these findings indicate that podocin and cholesterol together determine mechanically induced P 2 X 4 channel activation in podocytes.
Disorganization of the actin cytoskeleton, which is important for podocyte structure and function, damages podocytes. [44] [45] [46] To investigate whether mechanically induced P 2 X activation affects the actin cytoskeleton, podocytes were seeded onto silicone membranes and subjected to cyclic tensile strain for 2 hours. After F-actin staining, the actin fiber organization in stretched and nonstretched podocytes was analyzed by categorizing the observed actin structures into four groups ( Figure 6H ): presence of well defined parallel actin stress fibers representing the physiologic state, actin structure formations displaying the disorganized state (characterized by the presence of actin-rich centers [ARCs] known to be evoked by membrane stretch 47 ), ring-like actin fiber structures, and nondefinable actin structures (termed "others", which do not fit in one of the categories but also reflects actin dysregulation). Nonstretched podocytes showed 55.3% parallel stress fibers; in stretched podocytes the percentage of podocytes with ARCs was increased 4-fold, ring-like structures 1.6-fold, and noncategorizable actin fiber formation 1.4-fold, whereas the percentage of podocytes with parallel stress fibers was decreased by a factor of 3 ( Figure 6I ). These findings illustrate a highly significant (P,0.001) reorganization of the actin cytoskeleton. Incubation of nonstretched podocytes with the P 2 X 4 blocker 5-BDBD had no significant effect on actin fiber organization (P.0.6). Interestingly, actin disorganization by membrane stretch could be partially rescued by 5-BDBD, which significantly reduced the percentage of cells showing ARCs to 64% and increased the number of cells with parallel actin stress fibers to 177% compared with untreated stretched podocytes (P,0.01). This result points to a protective effect of 5-BDBD in mechanically stressed podocytes. Furthermore, in the presence of 5-BDBD, nonstretched and stretched podocytes showed significant differences (P,0.01) with regard to increased actin disorganization and loss of parallel actin stress fibers. Interestingly, the nonselective TRPC channel blocker SKF-96365 had no protective effect on actin cytoskeleton reorganization in mechanically stressed podocytes, suggesting that TRPC channels are not involved. Altogether, these findings strongly indicate that P 2 X 4 channels play a crucial role for mechanically induced actin skeleton reorganization contributing to podocyte damage.
DISCUSSION
Proper podocyte function is of utmost importance for the maintenance of the filtration barrier. Several mutations (e.g., in podocin, CD2AP, nephrin, PLC«, and TRPC6, summarized by Machuca et al. 48 ) are known causes for podocyte damage. However, very little is known about mechanically induced podocyte injury. A mechanosensitive TRPC6/podocin channel complex was assumed in podocytes, 10 similar to the mechanosensitive degenerin and epithelial Na + channel complex in Caenorhabditis elegans.
However, as shown here, reconstitution of the postulated channel complex by coexpressing TRPC6 and the SMPs podocin, CD2AP, and nephrin failed to give rise to mechanically induced TRPC6 currents. Moreover, Trpc6 2/2 podocytes were still mechanosensitive, demonstrating that TRPC6 is neither a mechanosensor nor mechanotransducer in podocytes, contrasting with observations by Wilson et al. 49 One reason for the discrepancy observed might be the use of 
Trpc6
2/2 podocytes in our study compared with the use of small interfering RNA against TRPC6. Moreover, different bath solutions were used in the latter study; these solutions were devoid of the chloride channel blockers 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB) and 4,49-diisothiocyanatostilbene-2,29-disulphonic acid (DIDS). Thus, volume-regulated chloride channels may have contributed to the currents measured by Wilson et al. 49 However, in our study we did not obtain experimental evidence supporting a role of other TRPC channels for mechanosensation or mechanotransduction after analyzing Trpc1/3/6 2/2 podocytes and by applying the nonselective TRPC channel blocker SKF-96365 on wild-type and Trpc1/ 3/6 2/2 podocytes. Genetic inactivation of TRPC channels and pharmacologic blockade had no effect on mechanically induced inwardly rectifying currents. Furthermore, we could exclude G q/11 PCRs as mechanosensors in podocytes, although several GPCRs were expressed in these cells. Instead, our findings point to a key role of P 2 X 4 channels for the mechanical responsiveness of podocytes.
ATP evoked similar inwardly rectifying currents in podocytes, as induced by membrane stretch with slow inactivation kinetics pointing to P 2 X 2 and P 2 X 4 channels, which were found to be highly expressed on the mRNA level. These findings are at odds with observations by Roshanravan and Dryer, 50 who described ATP-induced TRPC6 channel activations. This discrepancy might also be explained by the use of different bath solutions without addition of chloride channel blockers, which were always present throughout our experiments in order to isolate cation currents. However, the inactivation constant of about 41 seconds we determined in podocytes was markedly higher than that observed in the analysis of homomeric P 2 X channels. 27 This may be explained by the formation of endogenous heteromeric channel complexes with adapter proteins. This could also explain the incomplete suppression of mechanically induced currents of about 65%-75% by 5-BDBD and TNP-ATP. However, using a pharmacologic approach, we could verify a key role of P 2 X 4 channels for the mechanical response of podocytes. As a crucial test, P 2 X 4 2/2 podocytes were analyzed; this showed a complete suppression of mechanically induced currents, clearly demonstrating the essential role of P 2 X 4 channels as mechanotransducers mediating mechanically induced cation influx in podocytes.
Interestingly, two studies show that P 2 X 4 channels are sensitive to shear stress in endothelial cells and in oocytes without mechanistic explanation. 51, 52 However, we demonstrate for the first time that P 2 X 4 channels are mechanotransducers in podocytes activated by ATP released upon mechanical stimulation. Using a fluorescence approach to monitor cell swelling induced ATP accumulation in the bath solution, we determined a concentration of about 400 nM, which should be sufficient for P 2 X activation considering dilution in the bath solution and the occurrence of high local ATP concentrations near the cell membrane. Moreover, apyrase abolished stretch-induced currents and using N-ethylmaleimide (N-EM) we obtained initial evidence that ATP might be released by vesicle fusion via the SNARE complex. Furthermore, heterologously expressed P 2 X channels were not directly mechanosensitive even in the presence of SMPs. Altogether, our findings strongly argue for an indirect mechanosensitivity of P 2 X channels.
Interestingly, in our study disruption of the actin cytoskeleton did not affect mechanosensation of podocytes, in contrast to the mechanosensitive degenerin and epithelial Na + channel protein complex in C. elegans, because treatment with cytochalasin D was without effect. Instead, mechanosensation of podocytes was inhibited by stabilization of the actin cytoskeleton, possibly caused by impairment of mechanically induced ATP release. Disassembly of microtubules had no effect on ATP release. Moreover, we found cholesterol to be critically involved in mechanical responsiveness of podocytes because cholesterol depletion by fluvastatin and methylb-cyclodextrins completely suppressed mechanically induced P 2 X 4 currents. Interestingly, cholesterol depletion only abolished mechanically but not ATP-induced P 2 X 4 currents. Thus, cholesterol, which is important for exocytosis and for formation of lipid rafts in the slit diaphragm, is essential for mechanical responsiveness of podocytes probably as a regulator of ATP release. Moreover, our findings with podocin knockdown podocytes show that podocin also regulates mechanical P 2 X 4 channel activation. In podocin knockdown podocytes, mechanically induced P 2 X 4 currents were completely suppressed, indicating that podocin is primarily involved in an upstream mechanosensing process independent of the formation and function of TRPC6/podocin complexes in the plasma membrane. 10 Altogether, we can demonstrate that cholesterol and podocin play dominant roles for mechanical responsiveness of podocytes.
There is evidence for an ATP-induced reorganization of the cytoskeleton in macrophages and mammary tumor cells. 53, 54 Beyond that, our findings demonstrate that mechanically induced P 2 X 4 activation via ATP release plays a key role for the reorganization of the actin cytoskeleton in podocytes, indicating that mechanical P 2 X 4 activation might be crucial for the pathomechanism leading to hypertension-induced podocyte damage. We found that nonstretched podocytes exhibited a 6% frequency of podocytes with ARCs; this is similar to Endlich and colleagues' study, 47 which reported a frequency of about 15%. Interestingly, we observed a significant increase in podocytes with ARCs of about 27% after 2 hours compared with an increase of about 50% monitored after 24 hours, as shown by others. 47 This finding indicates that reorganization of the actin cytoskeleton is a fast process. Remarkably, cyclic membrane stretch caused significant reorganization of the actin cytoskeleton, which could be rescued by the selective P 2 X 4 blocker 5-BDBD while the nonselective TRPC channel blocker SKF-96365 had no effect. Altogether, we postulate a novel role of P 2 X 4 channels as mechanotransducers in podocytes regulated by podocin and cholesterol and activated by membrane stretch-induced ATP release via the SNARE complex, finally resulting in reorganization of the actin cytoskeleton (summarized in Figure 6H ). This signaling pathway may contribute to mechanically induced podocyte injury and open up novel strategies for nephroprotection in conditions such as hypertension.
CONCISE METHODS
Mice Used in the Study
Ifnotstatedotherwise,weusedwild-typemicewiththeBKS.Cg-Dock7m and Trpc1/3/6 2/2 mice were in C57BL/6 background. All experiments and procedures were approved by the governmental oversight authority, district government of Upper Bavaria (Germany).
Materials
We used 1-Oleoyl-2-acetyl-sn-glycerol (Calbiochem), DIDS (Invitrogen), 5-BDBD (Tocris), Suramin (Tocris), TNP-ATP (Tocris), Normacin (Invivogen), and YM-254890 (Taiho Pharmaceutical). Unless otherwise stated, all other materials were obtained from Sigma-Aldrich. 
Electrophysiologic Whole-Cell Recordings
Podocytes Used in the Study
Primary podocytes were isolated from the kidneys of 3-to 4-week-old mice using a conventional sieving approach 55, 56 with some modifications. Kidneys were mechanically disrupted in 200 ml Ham's F12 medium containing 10% fetal calf serum (FCS, Invitrogen), 100 U/ml penicillin, 100 mg/ml streptomycin, and 2 mM glutamine using a set of steel sieves with a pore size of 100, 75, 50, and 36 mm Mechanical membrane stretch causes cholesterol-dependent ATP release by vesicle fusion via the SNARE complex. ATP subsequently activates P 2 X 4 channels, resulting in disorganization of the actin cytoskeleton, which might contribute to the pathomechanism leading to hypertension-induced podocyte injury. Pharmacologic interventions with N-EM, which prevents vesicle fusion, with apyrase causing ATP degradation and of the selective P 2 X 4 channel blocker 5-BDBD, are displayed. *P,0.05; **P,0.01; ns P.0.05.
F12 medium supplemented with 10% FCS, 2 mM glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin, 100 mg/ml normocin, 5 mg/ml transferrin, 5 ng/ml natriumselenite, 100 nM hydrocortisone, and 5 mg/ml recombinant human insulin (Sigma-Aldrich, Taufkirchen, Germany) in a humidified atmosphere with 5% CO 2 . Enrichment of podocytes was .95% as assessed by cell morphology, staining with an antipodocin antibody (Sigma-Aldrich) and by expression of nephrin, synapotopodin, and Wilms tumor protein (WT1), which is described in detail elsewhere. 57 Cell membrane capacity was used as another selection criterion for podocytes. Cell membrane capacity was estimated to be 71.262.3 pF (n=362) for primary podocytes; thus, there was no significant difference to conditionally immortalized murine podocytes, which had cell membrane capacities of 63.463.3 pF (n=52). Primary podocytes were analyzed after the first cell passage approximately 10 days after isolation. Conditionally immortalized murine podocytes were cultured as described in detail elsewhere. 19 
Determination of Intracellular Calcium Concentrations
Intracellular free calcium concentration was determined in isolated podocytes using 5 mM fura-2 acetoxymethyl ester (Sigma-Aldrich) as described in detail elsewhere. 58 In brief, cells were mounted on the stage of a monochromator-equipped (Polychrome V; TILL-Photonics, Martinsried, Germany) inverted microscope (Olympus IX 71 with an UPlanSApo 203/0.85 oil immersion objective). Fluorescence was recorded with a 14-bit EMCCD camera (iXON 885; Andor, Belfast, UK). Fura-2 fluorescence was excited at 340 and 380 nm. Intracellular free calcium concentrations were calculated as described previously. 59 During imaging, cells were continuously superfused at room temperature with an isotonic bath solution containing (in mM) the following: 55 NaCl, 5 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 HEPES (pH 7.40), and 10 glucose, supplemented with mannitol to 300 mOsm/kg. The hypoosmotic bath solution had the same salt concentration without added mannitol, resulting in an osmolality of 149-152 mOsm/kg.
Quantitative RT-PCR Analysis
Total RNA was isolated using the Tri Reagent (Sigma-Aldrich, Munich, Germany). First-strand synthesis was carried out with random hexamer primers, using REVERTAID reverse transcription (Fermentas, Sankt Leon-Roth, Germany). For detailed information and primers, see the Supplemental Material. The Wilcoxon rank-sum test was used for analysis of mRNA expression levels. All experiments were performed in quadruplets, and experiments were repeated at least three times.
Determination of Extracellular ATP Concentrations Using NADP Conversion
To measure ATP release from podocytes, photometry was performed by turning to account ATP-dependent conversion of NADP to NADPH in the presence of the enzymes hexokinase and glucose-6-phosphate dehydrogenase and of the substrates glucose and NADP, which resulted in an increased fluorescence emission at 450 nm. Quantification of ATP was essentially done as previously described. 60 Podocytes were seeded onto a glass coverslip 24 hours before analysis. For analysis of ATP, cells were superfused with (1) isotonic bath solution (in mM: 110 NaCl, 0.1 CaCl 2 , 1 MgCl 2 , 10 HEPES [pH 7.40], and 10 glucose supplemented with mannitol to 300 mOsm/kg) additionally containing 2 mM NADP, 2 U/ml hexokinase, and 2 U/ml glucose-6-phosphate-dehydrogenase or (2) hypoosmotic solution without the supplementation of mannitol, resulting in about 240 mOsm/kg. NAPDH was excited with Polychrome V (TillPhotonics) at 340 nm, and emission was measured as voltage of the transimpedance amplifier from the photodiode at 450 nm. Data were collected by EPC10 amplifier (HEKA Lambrecht, Germany) with the Patchmaster software (HEKA). Hypoosmotic solution was applied, resulting in fluorescence increases, which were quantified by subsequently measuring different increasing ATP concentrations in isotonic bath solution for calibration.
Mechanical Membrane Stretch Using FlexCell Tension System
Cyclic radial tensile strains were applied to podocytes using the Flexcell Tension System (FX-5000T; Flexcell International Corp.). A total of 200,000 podocytes were seeded onto collagene-coated silicon membranes (BioFlex Culture Plate; Flexcell International Corp.) 24 hours beforecells were subjected to cyclic10% radial tensile strainwitha frequency of 0.5 Hz for 2 hours. Thereafter, cells were fixated with 4% paraformaldehyde for 30 minutes at 4°C. Actin was labeled by 20-minute incubation of cells with Alexa Fluor 488-tagged phalloidin (Invitrogen). Subsequently, fluorescence pictures were taken using confocal microscopy with a Leica TCS SP5 using an HCX PL APO CS 63.03/1.40 ultraviolet oil immersion objective. Probes were excited with 488 nm while emission was measured at 515610 nm. Reorganization of the cytoskeleton was quantified using the chi-squared test for analysis of sample distribution.
Statistical Analyses
Data are presented as mean6SEM. Unless stated otherwise, data were compared by a paired or unpaired t test if a Gaussian distribution was confirmed by applying a Shapiro-Wilk (normality) test. Calcium measurements were analyzed using the one-way ANOVA with Bonferroni post hoc means comparison. Significance was accepted at P,0.05. For statistical analysis the software Origin 7.5 and 8.0 (OriginLab Corporation, Northampton, MA) was used. Chi-squared analysis was done with Excel 2013 (Microsoft Corporation, Redmond, WA).
